High concentrations of sodium succinate (100 mM) were inhibitory to the growth of R hizobium leguminosarum. Spontaneous succinate-resistant mutants could be isolated at low frequency. One class of mutants (sucI) appeared to metabolize succinate at an enhanced rate. The other class (sucII) showed decreased rates of succinate uptake and metabolism. These SUCII mutants failed to show nitrogenase activity within pea root nodules. One way to study carbon assimilation in bacteroids is to obtain mutants of Rhizobium altered in the uptake or metabolism of particular carbon substrates and to investigate the effects of such mutations on the development of effective N, fixation. Glenn et al., 1980) we have attempted to isolate mutants defective in succinate uptake or metabolism and to examine their symbiotic properties. Initially, selection was made for mutants resistant to toxic analogues of succinate, but during the course of these studies it was found that the concentrations of these analogues necessary to inhibit the growth of R. leguminosarum were no lower than for succinate itself. Therefore, we isolated mutants that were resistant to growth inhibition by succinate. The characteristics of these succinateresistant (suc) mutants are described here. t Present address: Nitrogen
High concentrations of sodium succinate (100 mM) were inhibitory to the growth of R hizobium leguminosarum. Spontaneous succinate-resistant mutants could be isolated at low frequency. One class of mutants (sucI) appeared to metabolize succinate at an enhanced rate. The other class (sucII) showed decreased rates of succinate uptake and metabolism. These SUCII mutants failed to show nitrogenase activity within pea root nodules.
I N T R O D U C T I O N
Symbiotic N, fixation by Rhizobium depends on a balanced exchange of metabolites between the bacterial and higher plant partners. The nitrogen-fixing bacterial cells (bacteroids) are wholly dependent for their energy source on photosynthate from the host plant. However, the nature of the carbon substrate(s) used by bacteroids within the nodule has not been clearly established. It has been variously suggested that hexoses (Bergersen, 1977) or organic acids such as succinate (Ronson & Primrose, 1979) are used.
One way to study carbon assimilation in bacteroids is to obtain mutants of Rhizobium altered in the uptake or metabolism of particular carbon substrates and to investigate the effects of such mutations on the development of effective N, fixation. Glenn et al., 1980) we have attempted to isolate mutants defective in succinate uptake or metabolism and to examine their symbiotic properties. Initially, selection was made for mutants resistant to toxic analogues of succinate, but during the course of these studies it was found that the concentrations of these analogues necessary to inhibit the growth of R. leguminosarum were no lower than for succinate itself. Therefore, we isolated mutants that were resistant to growth inhibition by succinate. The characteristics of these succinateresistant (suc) mutants are described here.
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M E T H O D S
Strains. R hizobium leguminosarum 3601 is a rif-19 spc-58 derivative of strain 300; the latter has been described previously (Johnston dz Beringer, 1975) . Escherichia coli C600 (thr leu thi) was obtained from Dr J. Beringer.
Media and culture conditions. Minimal (Y) and complete (TY) medium were as described by Beringer (1974) . In some studies Y medium was modified to contain either sodium succinate or glycerol as sole carbon source and NH,CI (4 mM) as nitrogen source. The yeast/mannitol (YM) and MSM salts media were as described by Brown & Dilworth (1975) . Cultures were incubated at 28 "C.
Nodulation tests. Strains of R . leguminosarum were tested on pea plants (Pisum sativum cv. Greenfeast) as described by Beringer (1 974).
AcetyZene reduction. The procedure was that of Trinick et al. (1976) . Whole plants placed inside sealed Fowler no. 3 1 jars (880 ml) were maintained at 25 OC for 30 min prior to the injection of acetylene (44 ml) to give 5 % (v/v). Samples (0.5 ml) were taken at intervals (10, 20, 30 and 40 min) and ethylene was determined using a Pye Unicam 104 gas chromatograph fitted with a Porapak T column.
Uptake of [14Clsuccinate. These experiments were performed as described by Glenn et al. (1980) . Oxidation of succinate and glucose. Bacteria grown in YM medium containing succinate (10 mM) were centrifuged, washed twice in MSM salts medium and resuspended in MSM salts medium at a final density of 5 x lo8 bacteria ml-I. Substrate-dependent 0, consumption was measured polarographically at 25 "C using a Hansatech oxygen electrode (Hansatech, Norfolk, U.K.).
Protein determination. Protein was determined by the method of Lowry using bovine serum albumin as a standard.
R E S U L T S
Sensitivity of R. leguminosarum to tricarboxylic acid cycle intermediates and analogues. When R. leguminosarum 3601 was grown on plates containing minimal (Y) medium supplemented with glycerol (0.4%, w/v) and NH,C1 (4 mM) or on rich (TY) medium, it was found that a wide range of tricarboxylic acid cycle intermediates were inhibitory to growth at fairly low concentrations (10 to 40 mM). By contrast, E . coli C600 grew normally on TY medium supplemented with any of these compounds at 100 mM. Various succinate analogues that have been shown to act as competitive inhibitors of succinate metabolism (Glenn et al., 1980) were no more inhibitory to the growth of R. leguminosarum 3601 than equivalent concentrations of succinate itself these analogues included methylsuccinate, 2,2-dimethylsuccinate, 2,3-dimethylsuccinate, itaconic acid, and L-fluoromalate (results not shown).
High concentrations (100 mM) of NaC1, glycerol or lactate were not inhibitory to growth. The provision of additional buffering capacity [25 m~-N-tris(hydroxymethyl)methyl-2-aminoethanesulphonic acid (TES), pH 7-51 did not improve the survival of R. Zeguminosarum 3601 in the presence of high concentrations of succinate.
Isolation of succinate-resistant mutants. The observed toxicity of high concentrations of tricarboxylic acid cycle intermediates suggested a method for selecting mutants of R. leguminosarum that were altered in the uptake, or metabolism, of these compounds. Strain 3601 was plated on rich (TY) medium containing 100 mM-succinate. Succinate-resistant (suc) mutants arose spontaneously at a frequency of about lo-' and five non-clonal isolates were retained for further study (Table 1) .
Cross-resistance to organic acids. Not only were the suc mutants (strains 3943 to 3947) found to be capable of growth on Y or TY plates supplemented with 100 mM-succinate (Table  l ), but they were also able to grow in the presence of 100 mM-fumarate or 100 mM-malate which were, like succinate, inhibitory to the parental strain. However, the lowest concentrations of citrate, 2-oxoglutarate and pyruvate that inhibited growth of the parental strain (20, 40 and 40 mM, respectively) were also inhibitory to the mutant derivatives (results not shown).
Growth on different carbon sources at 1-5 mM. When the parental strain, 3601, was grown on Y medium with succinate, fumarate or malate as sole carbon source, the lowest concentration which could support growth was 1.5 mM. Two of the five suc mutants examined (3943 and 3944) failed to grow on succinate, fumarate or malate at 1.5 mM, suggesting that their resistance to high concentrations might be due to an impairment of the uptake system for these organic acids. Partial revertants of strain 3943 were obtained by selecting for derivatives that grew on Y medium containing 1 a 5 mM-succinate as sole carbon source (strains 3943A to 3943E: Table  1 ). The revertants, which arose at a frequency of 5 x were much less resistant to higher concentrations of succinate than strain 3943.
All the suc mutants grew normally on Y medium with other compounds (glycerol, mannitol, glucose, arabinose, acetate, lactate, pyruvate, citrate or glutamate) as sole carbon source and NH,Cl (4 mM) as nitrogen source.
Uptake of [14C] succinate. Uptake of [ 14C]succinate was measured for the parental strain, 3601, and two mutants ( Table 2) . Compared with the parental strain, uptake was significantly slower in mutant 3943, and somewhat faster in mutant 3946. The uptake of [l4C1phenylalanine was similar in all strains (results not shown).
Oxidation of succinate and glucose. Two of the suc mutants, 3943 and 3944, oxidized succinate at 30 to 60% of the rate of the parental strain, whereas they were similar to the parental strain in the rate of oxidation of glucose ( Table 2) . The other three mutants (3945, 3946 and 3947) appeared to oxidize succinate more rapidly than the parental strain (150 to Short communication 250% of the 0, consumption observed for 3601), whereas their oxidation of glucose was not similarly affected ( Table 2) .
Nodulation and nitrogenase activity. All the mutants examined induced the formation of root nodules on peas. However, two of the suc mutants, 3943 and 3944, were very much impaired in nitrogenase function (acetylene-dependent ethylene evolution) whereas the other three mutants and the parent strain produced active (Fix+) nodules (Table 1) . In all cases bacteria recovered from the nodules had the same genetic markers (including succinate resistance) as the inoculated strain. The five partial revertants of mutant 3943 were also tested on peas. These strains showed nitrogenase activity intermediate between 3943 and the parental strain, 3601 ( Table 1) .
D I S C U S S I O N
Although the succinate-resistant (SUC) mutants were obtained on the basis of resistance to high concentrations of succinate, they were also resistant to high concentrations of fumarate and malate. This probably reflects the rapid interconversion of these compounds within the cell, because all three organic acids apparently share a common uptake pathway in R. leguminosarum (Glenn et al., 1980) . Two types of resistance to succinate could be distinguished. One class, exemplified by mutants 3945, 3946 and 3947, appeared to overcome succinate inhibition by metabolizing the compound at an enhanced rate: we term this class sucI mutants. The other group (sucII), exemplified by mutants 3943 and 3944, had a more complex and interesting phenotype. They appeared to be resistant to high concentrations of succinate because of a decreased metabolism, possibly due to an impaired system for succinate uptake. The sucII mutants oxidized succinate at a decreased rate, had a lower rate of uptake of [14C]succinate, and failed to make use of low concentrations of succinate as sole carbon source. Interestingly, these sucII mutants were also Fix-(i.e. produced ineffective root nodules on pea roots). Revertants of strain 3943 able to grow on a low concentration of succinate as sole carbon source were simultaneously altered in resistance to high concentrations of succinate and in nodule acetylene-reducing activity, suggesting that these three phenotypes are pleiotropic manifestations of a single mutation. Further studies, including genetic mapping, should help to elucidate the distinction between sucI and sucII.
These results contribute to the overall impression that organic acids like succinate, fumarate or malate have an essential role in the N, fixation process. This interpretation is consistent with the work of Ronson et al. (1981) , who reported that succinate permease-defective mutants of R. trifoEii were able to nodulate (Nod+) but were unable to fix N, (Fix-) .
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